Abstract Current therapies for Parkinson's disease (PD) offer symptomatic relief but do not provide a cure or slow the disease process. Treatments that could halt progression of the disease or help restore function to damaged neurons would be of substantial benefit. Calcitriol, the active metabolite of vitamin D, has been shown to have significant effects on the brain. These effects include upregulating trophic factor levels, and reducing the severity of some central nervous system lesions. While previous studies have shown that calcitriol can be neuroprotective in 6-hydroxydopamine (6-OHDA) rodent models of PD, the present experiments were designed to examine the ability of calcitriol to promote restoration of extracellular dopamine (DA) levels and tissue content of DA in animals previously lesioned with 6-OHDA. Male Fischer-344 rats were given a single injection of 12 lg 6-OHDA into the right striatum. Four weeks later the animals were administered vehicle or calcitriol (0.3 or 1.0 lg/kg, s.c.) once a day for eight consecutive days. Three weeks after the calcitriol treatments in vivo microdialysis experiments were conducted to measure potassium and amphetamine evoked overflow of DA from both the left and right striata. In control animals treated with 6-OHDA and vehicle there were significant reductions in both potassium and amphetamine evoked overflow of DA on the lesioned side of the brain compared to the contralateral side. In animals treated with 6-OHDA followed by calcitriol there was significantly greater potassium and amphetamine evoked overflow of DA from the lesioned striatum compared to that from the control animals. The calcitriol treatments also led to increases in postmortem tissue levels of DA in the striatum and substantia nigra. These results suggest that calcitriol may help promote recovery of dopaminergic functioning in injured nigrostriatal neurons.
Introduction
Parkinson's disease (PD) is a debilitating neurodegenerative disorder that affects over one million people in the United States. The primary motor symptoms of PD, resting tremor, bradykinesia, rigidity and postural instability, are likely due in part to a progressive degeneration of substantia nigra dopamine (DA) neurons with a concomitant loss of DA in the striatum. Current therapies for PD offer symptomatic relief but do not provide a cure or slow the disease process. Thus, treatments that could halt progression of the disease or even restore function to damaged nigrostriatal DA neurons would be of substantial benefit.
Calcitriol (1,25-dihydroxyvitamin D 3 ), the active metabolite of vitamin D 3 , has well documented roles in bone metabolism and calcium homeostasis and is currently used to treat several conditions including hypocalcemia and hypoparathyroidism. Calcitriol has also been shown to have several effects in the nervous system [1] [2] [3] , including the modulation of trophic factors [4] [5] [6] [7] . The receptor for calcitriol belongs to the steroid receptor superfamily and it is localized throughout the brain, including the striatum [8] [9] [10] . In addition, circulating calcitriol can cross the blood brain barrier to a limited extent [11, 12] , and the brain itself may be able to synthesize calcitriol [10, 13] . Together these studies suggest that calcitriol has a role in central nervous system function.
One of the trophic factors that is regulated by calcitriol is glial cell line-derived neurotrophic factor (GDNF). Calcitriol has been shown to increase expression or release of GDNF in various cell lines [14] [15] [16] and in vivo administration has been shown to increase expression and protein levels of GDNF in the brain [17] [18] [19] [20] . GDNF has potent effects on brain DA systems, and because of this it has been examined in several animal models of PD where it was shown to have neuroprotective or restorative effects [21] [22] [23] [24] [25] . The success of GDNF in animal models led to the clinical evaluation of exogenous GDNF in PD patients as a potential therapeutic agent. While there was some success in early open-label trials [26, 27] , later results from a larger controlled trial were disappointing due to a lack of significant clinical benefits [28] .
The 6-hydroxydopamine (6-OHDA) rodent model of PD has been used extensively for examining potential therapies for PD. Previous studies have demonstrated that calcitriol can partially protect against the histological, neurochemical and behavioral effects of 6-OHDA [19, [29] [30] [31] , and one study has reported that calcitriol, when administered after a 6-OHDA lesion, led to an increase in tyrosine hydroxylase (TH) positive cells in the lesioned substantia nigra [19] . These studies suggest that calcitriol has positive benefits in models of dopaminergic dysfunction. However, the ability of calcitriol to promote or accelerate recovery from a dopaminergic lesion has not been extensively evaluated. The purpose of the present study was to examine the ability of calcitriol to promote restoration of extracellular DA levels and tissue content of DA in animals previously lesioned with 6-OHDA. In vivo microdialysis was used to evaluate basal extracellular levels of DA and its primary metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), and stimulus-evoked overflow of DA, from the striatum of rats treated with 6-OHDA and calcitriol (the term overflow in this paper refers to the increase in DA in the extracellular milieu following stimulation by local application of amphetamine or excess potassium). Following the microdialysis experiments the effects of calcitriol were further evaluated by analysis of postmortem tissue levels of DA in the striatum and substantia nigra. In a separate group of animals the effects of 6-OHDA and calcitriol on striatal and nigral GDNF levels were evaluated.
Materials and Methods

Animals
Male Fischer-344 rats 4-5 months old were obtained from Harlan Laboratories (Indianapolis, IN). The animals were housed in pairs under a 12-h light-dark cycle with food and water freely available. All animal use procedures were approved by the Animal Care and Use Committee at the University of Kentucky and were in strict accordance with National Institutes of Health guidelines. All efforts were made to minimize the number of animals used and to minimize their pain and discomfort.
6-OHDA Injections
Surgeries were performed using sterile procedures on animals anesthetized with isoflurane (2.0-2.5 % as needed). The rats were positioned in a stereotaxic apparatus, the skull exposed, and a small hole drilled in the skull over the right striatum (1.0 mm anterior to bregma, 2.8 mm lateral from midline). A microliter syringe with a 26 gauge blunt tapered needle was used to inject 12 lg 6-OHDA (SigmaAldrich, St. Louis, MO) into the striatum 5.0 mm below the surface of the cortex. The 6-OHDA was injected in a total of 4 ll 0.9 % saline with 0.1 % ascorbic acid (pH 5.5) at a rate of 0.5 ll/min. The needle was left in place for an additional 5 min following the injection before being withdrawn. Gelfoam was placed in the burr hole, the incision closed with wound clips, and the animals allowed to recover.
Calcitriol Treatment
Four weeks after the 6-OHDA injections the animals were injected once daily for eight consecutive days with calcitriol (0.3 or 1.0 lg/kg/day) or vehicle. All injections were administered subcutaneously. The calcitriol (Sigma Chemical Co., St. Louis, MO) was first dissolved in propylene glycol at a concentration of 100 lg/ml. For injections the calcitriol in propylene glycol was diluted into 0.9 % saline so that the final volume given was 1 ml/kg of body weight. Vehicle treated animals were injected with propylene glycol diluted in 0.9 % saline.
In Vivo Microdialysis
Microdialysis studies were conducted 3 weeks after the final calcitriol treatment. The animals were anesthetized with urethane (1.25-1.50 g/kg, i.p.) and positioned in a stereotaxic frame. Body temperature was maintained at 37°C with a heating pad coupled to a rectal thermometer. Microdialysis probes (CMA/11 probes, 3.0 mm length of dialysis membrane; CMA/Microdialysis, Acton, MA) were slowly lowered into both the left and right striata (0.0 mm anterior to bregma, 3.0 mm lateral from midline, tip of probe 6.3 mm below the surface of the brain). The probes were perfused at a rate of 1.2 ll/min with artificial cerebrospinal fluid containing 145 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl 2 , 1.0 mM MgCl 2 , 0.2 mM ascorbic acid, and 2.0 mM NaH 2 PO 4 (pH 7.4). Dialysate fractions were collected at 20-min intervals. Following a 2-h equilibration period and the collection of three baseline fractions, DA overflow was stimulated by increasing the potassium concentration in the perfusate to 100 mM (NaCl reduced to 47.7 mM) for a single 20-min fraction, and then 2 h later by adding 100 lM d-amphetamine to the perfusate for a single 20-min fraction. Five final fractions with normal artificial cerebrospinal fluid were collected following the d-amphetamine stimulation. Dialysate samples were immediately frozen on dry ice and stored at -80°C until assayed for DA, DOPAC and HVA.
Tissue Collection and HPLC Analysis
After collecting the dialysate fractions the urethane-anesthetized animals were killed by decapitation and their brains rapidly removed and chilled in ice-cold saline. A coronal slice of brain 2 mm thick at the level of the dialysis probes was made with the aid of an ice-chilled brain mold (Rodent Brain Matrix, ASI Instruments, Warren, MI). The location of all dialysis probes was confirmed to be centered in the dorsal striatum at the level of, or just rostral to, the crossing of the anterior commissure. The site of the intrastriatal injection was also visible and was confirmed to be located in the dorsal striatum. The striatum was then dissected from each half of the slice. The substantia nigra was dissected from both sides of a 2 mm thick coronal slice through the midbrain. The tissue pieces were placed in preweighed vials, weighed, and frozen on dry ice. Samples were stored at -80°C until assayed for DA and metabolites by high performance liquid chromatography as previously described [32] . For dialysis samples, 20 ll of the dialysate was injected directly onto the column.
Striatal and Nigral GDNF Levels
Rats were given an injection of 12 lg 6-OHDA into the right striatum as described above. Four weeks later the rats were treated with calcitriol (0.3 or 1.0 lg/kg, s.c.) or vehicle once daily for eight consecutive days, and striatal and nigral tissue was harvested 2-3 h after the last injection. GDNF levels were measured using either Promega E max TM ImmunoAssay kits (two experimental runs) or an R&D Systems GDNF DuoSet ELISA kit (one experimental run). Tissue samples were prepared as described previously [30, 33] , and ELISA's were performed according to the instructions supplied with each kit.
Data Analysis
All dialysis probes were calibrated in vitro prior to use to determine acceptable probes (recovery of DA at least 12 %). However, values were not corrected for in vitro recoveries as uncorrected values may be better correlated to true values [34] . Basal levels of DA and metabolites were defined as the average value in the three fractions preceding stimulation by excess potassium. Dialysis data were expressed as nM concentration of DA or metabolite in the dialysate and, for stimulus evoked overflow, as the total amount of DA in the dialysate above baseline following stimulation with potassium or amphetamine. Tissue levels of DA and metabolites were expressed as ng/g wet weight of tissue. For the GDNF assays, the two runs with the Promega Kits and the one run with the R&D kit each gave significantly different control values as defined by the average value of the left, non-lesioned side of the vehicle treated rats. Thus, to facilitate the combining of the data from the three experimental runs and statistical comparisons, all data were expressed as a percentage of the left side of the animals treated with vehicle. Results were analyzed statistically using mixed analyses of variance (ANOVA) followed by Newman-Keuls tests for post hoc comparisons.
Results
Dialysate Levels of DA and Metabolites
Basal extracellular dialysate levels of DA and metabolites are shown in Table 1 . In the vehicle treated animals there was a significant decrease in basal levels of DA of 31 % (p \ 0.01) on the lesioned side of the brain compared to the contralateral side. In the calcitriol treated animals, while there was a tendency for reduced basal DA levels on the lesioned side, the decreases did not reach statistical significance. However, there were significant decreases in basal levels of both DOPAC and HVA on the lesioned side in vehicle as well as calcitriol treated rats. For the vehicle, 0.3 and 1.0 lg doses of calcitriol the respective decreases in DOPAC levels were 85, 73 and 71 % (p \ 0.001 for all groups); and the respective decreases in HVA levels were 74, 57 and 60 % (p \ 0.001 for all groups). Figure 1 shows the time course data for DA levels from the in vivo microdialysis experiments. Within each group, overall DA levels on the lesioned side were lower than those from the contralateral side (p \ 0.001 for all groups). In addition, on the lesioned side, DA levels from the groups treated with the 0.3 and 1.0 lg doses of calcitriol were greater than those from the vehicle treated group (p \ 0.05 for both). In order to facilitate comparison of the stimulus evoked overflow of DA between the groups and sides of the brain the data were expressed as total amount of DA in the dialysate fractions above basal levels following stimulation by excess potassium or d-amphetamine (Fig. 2) . In the vehicle treated rats, potassium evoked DA overflow was reduced on the lesioned side of the brain by 89 % compared to the contralateral side (p \ 0.001). In the calcitriol treated rats the decreases in potassium evoked DA overflow on the lesioned side were 73 % in the 0.3 lg dose group and 63 % in the 1.0 lg dose group (p \ 0.001 for both groups). The potassium evoked overflow of DA on the lesioned side of the brain was significantly greater in the group treated with the 1.0 lg dose of calcitriol than in the vehicle treated group (p \ 0.05). Amphetamine evoked DA overflow was reduced on the lesioned side of the brain by 78 % in the vehicle treated rats (p \ 0.001), and by 63 and 58 %, respectively, in the groups treated with the 0.3 and 1.0 lg doses of calcitriol (p \ 0.001 for both groups). In addition, the amphetamine evoked overflow of DA on the lesioned side of the brain was significantly greater in both calcitriol treated groups compared to the vehicle treated control group (p \ 0.05 for both). Figures 3 and 4 show the time course data from the in vivo microdialysis experiments for DOPAC and HVA. The 6-OHDA treatments led to reduced levels of both metabolites on the lesioned side of the brain compared to the contralateral side for all treatment groups (p \ 0.001 for all groups). However, on the lesioned side, DOPAC levels were significantly greater in the animals treated with the 1.0 lg dose of calcitriol compared to the vehicle treated group (Fig. 3 , p \ 0.05), and HVA levels were significantly greater in the animals treated with both the 0.3 and 1.0 lg doses of calcitriol compared to the vehicle treated group (Fig. 4 , p \ 0.05 for both comparisons).
Tissue Levels of DA and Metabolites
The intrastriatal injection of 6-OHDA and the systemic injections of calcitriol affected postmortem levels of DA in both the striatum and substantia nigra (Fig. 5 ). In the 6-OHDA and vehicle treated rats striatal DA levels were decreased by 71 % on the lesioned side compared to the contralateral side (p \ 0.001). In the 6-OHDA and calcitriol treated rats striatal DA levels were decreased by 52 Values are mean ± SEM from eight animals per group a p \ 0.05 versus left striatum (mixed ANOVA with treatment group as a between factor and side of brain as a within factor; followed by Newman-Keuls post hoc comparisons) (0.3 lg dose of calcitriol) and 55 % (1.0 lg dose of calcitriol) on the lesioned side compared to the contralateral side (p \ 0.001 for both doses). The decrease in DA levels in both the calcitriol treated groups was significantly less than the decrease in the vehicle treated animals (p \ 0.05 for both). Similar effects were found in the substantia nigra. In the 6-OHDA and vehicle treated rats nigral DA levels were decreased by 47 % on the lesioned side compared to the contralateral side (p \ 0.001). However, in the 6-OHDA and calcitriol treated rats nigral DA levels were decreased by 23 and 18 % in the 0.3 and 1.0 lg dose groups, respectively, on the lesioned side compared to the contralateral side (p \ 0.05 for both doses). The decrease in DA levels in both calcitriol treated groups was significantly less than the decrease in the vehicle treated animals (p \ 0.05 for both).
Postmortem tissue levels of DOPAC and HVA are shown in Table 2 . In the 6-OHDA and vehicle treated animals striatal DOPAC and HVA levels were decreased by 69 and 66 %, respectively, on the lesioned side compared to the contralateral side (p \ 0.001 for both). While both striatal DOPAC and HVA levels tended to be higher on the lesioned side of the calcitriol treated groups the differences were not statistically significant from the vehicle treated group. A similar effect was found for DOPAC levels in the substantia nigra. In the vehicle treated animals there was a 51 % decrease in nigral DOPAC levels on the lesioned side (p \ 0.001), and, although the decreases tended to be less in the calcitriol treated groups, the decreases were not statistically different from the vehicle treated group. However, while nigral HVA levels were reduced by 44 % on the lesioned side in the vehicle treated group (p \ 0.001), they were not significantly reduced on the lesioned side of either the 0.3 lg dose group (-7 %) or the 1.0 lg dose group (-8 %). In addition, nigral tissue levels of HVA were greater on the lesioned side of both of the calcitriol treated groups compared to the lesioned side of the vehicle treated control animals (p \ 0.01 for both).
Tissue Levels of GDNF
In a separate group of animals, rats were given an injection of 12 lg 6-OHDA into the right striatum as described above and 4 weeks later the rats were treated with calcitriol or vehicle once daily for eight consecutive days. Tissue was harvested on the last day of calcitriol or vehicle treatment for measurement of GDNF levels. The overall control levels of GDNF on the non-lesioned side of the vehicle treated rats were 7.16 ± 1.72 ng/g tissue in the striatum, and 11.65 ± 3.91 ng/g tissue in the substantia nigra (n = 12 each). Because of the relatively large variance (due to the differing results with the three GDNF assay kits), the data were expressed as a percentage of the non-lesioned side of the animals treated with vehicle in order to facilitate statistical comparisons. In the striatum a mixed ANOVA (side of brain as a within factor and treatment as a between factor) identified a main effect of side of brain. While there was a trend for GDNF levels to be greater on the lesioned side of the brain in the calcitriol treated animals (Fig. 6 ), the differences did not reach significance using a Newman-Keuls post hoc comparison (however, the less conservative Fisher's least significant difference (LSD) test did indicate a significant increase in GDNF levels on the lesioned side of the animals treated with the 1.0 lg dose of calcitriol). In the substantia nigra there were no significant differences in GDNF levels between sides of brain or between doses of calcitriol.
Discussion
The goal of the present study was to examine the ability of calcitriol to help promote recovery of DA release and content in the nigrostriatal system of rats previously treated with the neurotoxin 6-OHDA. The calcitriol treatments led to increases in potassium and amphetamine evoked overflow of striatal DA, and to increases in striatal and nigral tissue levels of DA, on the lesioned side of the brain. Although these calcitriol-induced increases were only partial, these results support that calcitriol may be able to help in promoting the restoration of dopaminergic functioning in injured nigrostriatal DA neurons.
Two doses of calcitriol were examined in this study (0.3 and 1.0 lg/kg/day). For the most part the effects were similar; however, the larger dose did produce a greater or significant effect in a few parameters (for instance, potassium evoked DA overflow and striatal GDNF levels). While we did not examine higher doses of calcitriol, it is not likely that larger doses would have substantially greater effects. We did not examine higher doses in this study because we have previously examined a higher dose (3.0 lg/kg/day) in normal rats and found that while the effects on DA overflow and content were very similar to the 1.0 lg/kg/day dose [17] , rats treated with the 3.0 lg dose lost a substantial amount of body weight over the 8 days of treatment (which did not occur with the 0.3 or 1.0 lg/kg/day doses). Thus, higher doses may produce adverse side effects, which may be due in part to hypercalcemia [20, 35] .
The 8 days of calcitriol injections and the 3 week time period from the last injection to the microdialysis experiments were based on previously published studies. Seven or eight days of calcitriol has been shown to have significant effects of the nigrostriatal DA system of normal and lesioned animals [17] [18] [19] 31] , and seven or eight days of calcitriol has been shown to upregulate GDNF expression and protein levels in the brain [17] [18] [19] [20] 30] . Thus, we treated the animals with calcitriol for 8 days. The 3 week interval from the last calcitriol injection to the microdialysis experiments was chosen as it is a time point when significant changes in stimulus evoked DA overflow and content have been demonstrated in normal rats following calcitriol treatment [17] . In addition, as it is possible that the effects of calcitriol on DA neurons may be due in part to augmented GDNF levels, the three week time period has also been shown to lead to changes in stimulus evoked DA overflow and content in animals following GDNF injection [36] [37] [38] .
Both doses of calcitriol led to partial recovery of striatal and nigral DA levels. While the role of striatal DA in behavior, including parkinsonian signs, has been well established, there is growing evidence for the importance of nigral DA in regulating motor performance [39] [40] [41] [42] . Thus, the ability of calcitriol to partially restore nigral DA levels, as well as striatal DA, is an important component of the potential restorative effects of calcitriol.
The mechanism by which calcitriol promotes recovery of dopaminergic release and content remains to be determined. Previous reports have shown that calcitriol administration can lead to upregulation of endogenous GDNF levels in the striatum and substantia nigra [17] [18] [19] and to increases in expression or release of GDNF in various cell lines [14] [15] [16] . GDNF has been shown to have both neuroprotective and restorative effects in animal models of PD Table 2 Tissue levels of DOPAC and HVA from the striatum and substantia nigra of animals injected in the right striatum with 6-OHDA followed 4 [21] [22] [23] [24] [25] , including increased DA levels [43, 44] and TH positive cell number and fiber density [44, 45] in animals previously lesioned with 6-OHDA. Calcitriol-induced upregulation of GDNF could therefore be a possible mechanism for the effects reported in this study. However, the effects we observed on GDNF levels were minor: a 32 % increase in striatal GDNF levels on the lesioned side in animals treated with the higher dose of calcitriol, and no difference between the lesioned and non-lesioned sides in the substantia nigra. Thus, while calcitriol-induced increases in GDNF could play a role in the observed increases in evoked overflow and tissue content of DA, other yet unidentified mechanisms may also be involved with producing the present results. For example, calcitriol has been shown to regulate several other trophic factors [4] [5] [6] [7] and the p75 neurotrophin receptor [46] . Modulation of these pathways could affect neuronal cell function. Calcitriol also increases expression of the TH gene in vitro [47] . If a similar effect occurs in vivo this could lead to increased stores and release of DA. In addition, calcitriol and vitamin D have numerous other effects in the brain, such as reducing the production of free radicals or upregulating free radical scavenging systems [48] [49] [50] [51] , modulating neuro-immunological function [1, 3, 52] and regulating neuronal calcium signaling [53, 54] , all of which could alter the functional status of neurons. Thus, there are numerous possibilities that could play a role in the present results, and further studies will be needed to determine the complete mechanism. An unexpected finding in this study was the lack of calcitriol-induced increases in extracellular DA levels and DA content, and GDNF levels, on the non-lesioned control side of the brain. We have previously reported increases in stimulus evoked DA overflow and tissue DA content in normal animals following calcitriol treatment [17] . In addition, we [17] and others [18] have reported increases in GDNF levels in normal rats following calcitriol administration. The reasons for the discrepancies between the current study and previous studies are not clear. The main difference in the current study is that the animals were lesioned with 6-OHDA prior to the calcitriol treatments. It is possible that homeostatic mechanisms are in play to try and maintain the balance between the two sides of the brain; however, additional studies will be necessary in order to explain the different findings between studies.
While the present study was designed to examine potential restorative effects of calcitriol in animals previously lesioned with 6-OHDA, several previous studies have examined the protective effects of calcitriol against dopaminergic toxins. Wang et al. [31] treated rats with calcitriol (1 lg/kg/day) for 8 days and administered a unilateral 6-OHDA lesion of the medial forebrain bundle on the seventh day of treatment. They found that calcitriol treated rats had greater locomotor activity than saline treated rats, and that nigral levels of DA and metabolites were not significantly reduced on the lesioned side of the calcitriol and 6-OHDA treated rats. Smith et al. [30] reported that continuous daily treatment with calcitriol (1.0 lg/kg/day) starting 7 days prior to an interventricular injection of 6-OHDA partially protected against 6-OHDA induced reductions in potassium and amphetamine evoked overflow of DA and tissue content of DA in the striatum. Kim et al. [29] found that pretreatment with calcitriol (1.0 lg/kg/day) for 7 days before injecting 6-OHDA into the medial forebrain bundle of rats, or intraperitoneal injections of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in mice, significantly attenuated toxin-induced loss of TH positive neurons in the substantia nigra. Sanchez et al. [19] reported that 7 days of calcitriol (1.0 lg/kg/day) prior to a medial forebrain bundle 6-OHDA lesion reduced 6-OHDA-induced decreases in striatal TH protein levels and nigral TH positive cell number. There are many mechanisms for how compounds may help protect against neurotoxins, such as by upregulating trophic factors, or by directly or indirectly interfering with the toxin's mechanism of action. However, as DA cells are continually lost over time in PD, the ability of compounds such as calcitriol to protect against dopaminergic toxins in animal models is important in understanding how to prevent further loss or damage to DA cells.
Along with the current results that suggest that calcitriol may be able to help promote the recovery of dopaminergic functioning in injured nigrostriatal DA neurons, Sanchez et al. [19] also examined the potential restorative effects of calcitriol. They found that 7 days of calcitriol (1.0 lg/kg/ day) starting 21 days after a medial forebrain bundle 6-OHDA lesion helped restore striatal TH protein levels and increased the number of TH positive cells in the substantia nigra on the lesioned side compared to the lesioned side of control animals. In addition, several studies have linked vitamin D insufficiency or variations in the vitamin D receptor with an increased risk of developing PD [55] [56] [57] , and a recent clinical study has demonstrated positive effects of vitamin D supplementation in PD patients [58] . Taken together, the animal and clinical studies suggest that vitamin D and calcitriol may have positive effects on dopaminergic neurons and warrant further investigation of the effects of calcitriol on DA systems.
